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Abstract. The first Rayleigh lidar observation of a
stratopause warming over a tropical site, Gadanki (13.5◦ N;
79.2◦ E), is presented in this paper. The warming event was
observed on 22–23 February 2001, and found to occur in the
stratopause region (∼45 km). The magnitude of the warm-
ing was found to be ∼18 K with respect to the winter-mean
temperature profile derived from the lidar data collected over
March 1998 to July 2001. The event observed by the li-
dar has also been seen in data from the Halogen Occulta-
tion Experiment (HALOE) on board the UARS satellite. The
zonal-mean temperature at 80◦ N and the zonal-mean zonal
wind at 60◦ N from the National Centre for Environmental
Prediction (NCEP) reanalysis and the European Centre for
Medium-Range Weather Forecasts (ECMWF) analysis indi-
cate that a major warming episode took place in the north-
ern polar hemisphere a week before the day of the obser-
vation over Gadanki. Eliassen-Palm (E-P) flux calculations
from ECMWF analysis show evidence of propagation of
planetary-wave activity from high and mid- to low latitudes
subsequent to the major warming episode over the pole. Our
results support the view that the most likely source mecha-
nism for the observed stratopause warming is the increase in
planetary-wave activity.
1 Introduction
One spectacular transient phenomenon observed in the mid-
dle atmosphere is the stratospheric sudden warming (SSW).
Since the first observation by Scherhag (1952), many SSW’s
have occurred especially in the northern hemisphere. A sum-
mary of our classical understanding is provided in a review
by Schoeberl (1978). He noted that sudden warmings would
occur mostly in the northern polar hemisphere during win-
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tertime, and that they might be associated with the anoma-
lous growth of the planetary waves (PW) that propagate from
the troposphere into the stratosphere during winter. Strato-
spheric warmings have been classified into major and minor
warmings, depending on the amplitude of the temperature
perturbations and the state of the zonal circulation (e.g. An-
drews et al., 1987; Donfrancesco et al., 1996; Marenco et al.,
1997). Major warmings are characterized by large perturba-
tions of temperature, and the reversal of the zonal-mean tem-
perature gradients along with that of the zonal-mean wind at
60◦ N latitude in the mid-stratosphere (at and below 10-hPa).
In contrast, minor warmings are characterized by weaker per-
turbations of temperature, and the reversal of the zonal-mean
temperature gradients only.
Schoeberl (1978) has reported that if a major warm-
ing event occurs, it usually takes 4–6 weeks for the zonal
mean circulation to return to the pre-warming state. One of
the well-known characteristics of a sudden warming event
is the downward propagation of a warm layer from about
45 km into the lower stratosphere as seen by rocket measure-
ments and satellite radiance data (Quiroz, 1969, 1971; Scott,
1972). The dynamical mechanisms responsible for sudden
warmings involve upward propagation of planetary (Rossby)
waves from the troposphere into the stratosphere where they
are expected to interact with the mean flow (by breaking as
they encounter a critical level). This hypothesis was first pro-
posed by Matsuno (1971) and tested it by using a numerical
model of the stratosphere. He concluded that the deceleration
of the zonal wind and the concomitant temperature increase
over the pole below the forcing region might account for the
sudden warming phenomenon (details are also available from
Shepherd, 2000). Vortex dynamics in connection to the SSW
is documented by Shepherd (2000) in his review work on the
middle atmosphere. He explained that if the vortex moves
off the pole, then one should expect “wave-1” warming, if it
splits into two, then “wave-2” warming may be expected.
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Figure (1): Lidar, HALOE and ECMWF temperature profiles for the night of February 
22-23, 2001, along with the lidar mean temperature profile for winter months. 
 
 
 
 
 
 
 
Fig. 1. Lidar, HALOE and ECMWF temperature profiles for the
night of 22–23 February 2001, along with the lidar mean tempera-
ture profile for winter onths.
In recent years, stratospheric warmings have been ob-
served at mid- (Hauchecorne and Chanin, 1983) and high
latitudes (Whiteway and Carswell, 1994; Donfrancesco et al.,
1996; Whiteway et al., 1997; Duck et al., 1998; Walterscheid
et al., 2000) using lidar measurements. The cause of such
warmings has been interpreted either in terms of gravity-
wave (GW) activity (Whiteway and Carswell, 1994; White-
way et al., 1997), PW activity (Hauchecorne and Chanin,
1983; Marenco et al., 1997) or formation of vortex core and
PW breaking (Schoeberl, 1978; Labitzke, 1981; Duck et al.,
1998; Walterscheid et al., 2000). Finally, SSW events in-
clude coolings of a few degrees in the mesosphere (Schoe-
berl, 1978; Appu, 1984; Delisi and Dunkerton, 1988; Duck
et al., 1998; Walterscheid et al., 2000).
Besides lidar measurements, satellite and rocket measure-
ments have also been used to report on SSW events (Appu,
1984; Dunkerton et al., 1988; Dunkerton and Delisi, 1986;
Delisi and Dunkerton, 1988; Randel, 1993). Using 35 years
of satellite data, Dunkerton et al. (1988) found that the occur-
rence of major SSW events depends on the Quasi-Biennial
Oscillation (QBO) phase. In particular, they showed that ma-
jor SSWs occur only when the QBO blows westerly.
Here we describe, using ground-based lidar measurements
from the tropical station of Gadanki (13.5◦ N; 79.2◦ E), a
warming event observed at the stratopause layer on 22–23
February 2001. The observed event is discussed in terms
of PW and GW activities. To support our observation, we
also present data from the Halogen Occultation Experiment
(HALOE) on board the UARS satellite. Since there have not
been any reports of warmings, we believe that our result is
the first of its kind as reported from a tropical station using
ground-based lidar measurements.
2 Data and Analysis
The lidar data presented in this paper have been collected
at the National MST Radar Facility (NMRF), Gadanki
(13.8◦ N, 79.2◦ E), during the night of 22–23 February 2001
with measurements performed continuously from 20:00 to
02:00 LST. Using the photon count profiles from the lidar
data and a model atmosphere (MSISE-90), temperature pro-
files have been derived for the height range of 30–90 km fol-
lowing the method of analysis given by Hauchecorne and
Chanin (1980). Further details on the system and data analy-
sis can be found in Sivakumar et al. (2001, 2003).
In addition, we use the UARS-HALOE satellite data for
comparison, along with NCEP and ECMWF data to interpret
the warming event.
3 Res lt
Lidar and satellite observations
The lidar temperature profile for the night of 22–23
February 2001 is shown in Fig. 1 (red solid line) along with
the standard deviation (red horizontal bars). For comparison,
the winter-monthly (Nov, Dec, Jan and Feb.) mean tem-
perature profile derived from the lidar data collected over
Gadanki from March 1998 to July 2001 (Sivakumar et al.,
2003) is also displayed (blue solid line). The lidar profile for
the night of 22–23 February 2001 clearly shows temperature
increase in the stratopause region up to a maximum value
of 283 K around 45 km. The magnitude of the warming
is found to be ten times larger than the standard deviation
(4 K at 70 km, 3 K at 60 km, 1–2 K at 50 km, ∼1 K at 40 km
and less than 1 K at 30 km). Additionally, the HALOE
temperature profile measured on the same day over the
closest location (10.46◦ N; 73.31◦ E), has been included in
Fig. 1 (dashed line). Agreement between lidar and satellite
temperature profiles is generally good. The amplitude of the
HALOE temperature maximum (281 K) during the warming
event is close to that of the lidar, confirming the accuracy of
the event. Small differences between the lidar and HALOE
profiles exists, these are due to the poorer height resolution
of the HALOE measurement (3.7 km) in comparison with
that of the lidar (0.3 km) and to the observational time
difference between HALOE (at sunset) and lidar (night time)
measurements. The lidar observation also shows a lowering
of stratopause height by 4 to 5 km with respect to the
mean stratopause height (∼49 km) calculated for February
months (Sivakumar et al., 2003). Finally, associated with the
stratospheric warming event, the upper mesosphere region
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(∼70–80 km), exhibits a cooling of ∼10–12 K with respect
to the mean profile, in accordance with results reported in
other studies (e.g. Appu, 1984; Delisi and Dunkerton, 1988;
Duck et al., 1998; Walterscheid et al., 2000).
Figure 2 gives estimates of the magnitude of the warming
observed over Gadanki. These have been obtained by sub-
tracting successively from the 22–23 February profile, tem-
perature values recorded a week before (14–15 Feb.) and a
week after (28 Feb.–1 March), and climatological tempera-
ture values derived from lidar and HALOE measurements. In
the stratopause region, the amplitude of the warming is found
to be about ∼18 K with respect to the lidar-derived mean
temperature profiles, and ∼15–16 K for the rest of the cases.
It appears that the order of magnitude of the stratopause
warming observed over Gadanki is smaller than what has
been reported for mid- and high latitudes in the northern
hemisphere (about 30 K) (Hauchecorne and Chanin, 1983;
Whiteway and Carswell, 1994; Whiteway et al., 1997; Duck
et al., 1998). Moreover, both the lidar and ECMWF data
present a maximum on 22–23 February 2001 as observed
from the time evolution of the daily temperature values at the
stratopause during the January-February-March period (fig-
ure not shown).
4 Discussion
One dynamical feature in the lidar temperature profile pre-
sented in Fig. 1 is the wave-like structure oscillating around
an average profile with amplitude increasing with height.
Two systems of waves are most likely responsible for this
wave-like structure: planetary waves (PW) and gravity waves
(GW).
GW are known to have a profound effect on the thermal
and dynamical structure of the middle atmosphere. GW
propagating upward from the lower atmosphere grow in
response to the decreasing background atmospheric density.
When they approach critical levels or when they induce
convective instability, they are dissipated, and their associ-
ated momentum is deposited into the flow. This process is
responsible for the phenomenon known as the mesospheric
temperature inversion (Hauchecorne et al., 1987; Leblanc
et al., 1995). However, Ratnam et al. (2003) reporting on
mesospheric temperature inversions using 40 months of
NMRF-lidar observations over Gadanki, have shown that
mesospheric temperature inversions at this latitude occur
in the height range of 70–80 km, with larger perturbations
during summer than winter. Moreover, estimates of the
GW potential energy during the lidar measurement period
studied here, show an increase in GW potential energy in the
stratopause region up to about 135 J kg−1 at the stratopause
height (figure not shown). This increase is however not
sufficient to explain a temperature rise of 16–18 K as that
observed during the event (Sivakumar et al., 2001). In
addition, a comprehensive study of the middle atmospheric
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Figure (2): Temperature differences between the 22-23 February lidar-measured 
temperature profile, and lidar profiles measured a week before and a week after, and 
lidar and HALOE winter-mean profiles. The HALOE climatological profile has been 
computed by compiling all the winter data recorded from 1998 to 2002, within a range 
of ±5° in latitude and ±10° in longitude with regards to the lidar position (13.5°N; 
79.2°E). 
 
 
 
 
 
Fig. 2. Temperature differences between the 22–23 February lidar-
measured temperature profile, and lidar profiles measured a week
before and a week after, and lidar and HALOE winter-mean pro-
files. The HALOE climatological profile has been computed by
compiling all the winter data recorded from 1998 to 2002, within a
range of ±5◦ in latitude and ±10◦ in longitude with regards to the
lidar position (13.5◦ N; 79.2◦ E).
gravity wave activity has shown the wave activity to be max-
imum during winter for high latitudes and during equinoctial
periods for low latitudes (Fritts, 1984). Finally, Garcia and
Boville (1994) have noted that the role of GW may not be
as significant in the northern polar vortex as in the southern
polar vortex. Thus, there should be another dynamical
source, the PW activity, which may be responsible for the
observed warming. This is further explored in the following
sub-section.
PW drive: NCEP reanalyses and ECMWF analyses
Information about the evolution of the stratospheric
state at the time of the lidar observation is provided by the
NCEP and ECMWF data. NCEP and ECMWF data are used
on a 2.5◦×2.5◦ grid from 1000 to 10 hPa (15 levels) and
from 1013.25 to 0.20 hPa (60 levels), respectively. As shown
in Fig. 1, the stratopause-warming event can also be seen in
the ECMWF data derived for the location and the date of the
lidar sounding. The temperature maximum value is found to
be close to that observed by the lidar, although located at a
higher altitude. The altitude difference may be attributed to
the poor vertical resolution of satellite radiances assimilated
in ECMWF around the stratopause.
Figures 3a and b show respectively the NCEP zonal-mean
temperature at 80◦ N and the zonal-mean zonal wind at 60◦ N
at three different pressure levels: 50, 30 and 10 hPa, for the
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Figure (3): Variations of (a) the zonal-mean temperature at 80°N and (b) the zonal-
mean zonal wind at 60°N, from July 1, 2000 through June 30, 2001 at 3 different 
pressure levels in the stratosphere: 50, 30 and 10 hPa, derived from NCEP data. The 
vertical dotted lines indicate the day of the lidar sounding. 
 
Fig. 3. Variations of (a) the zonal-mean temperature at 80◦ N and
(b) the zonal-mean zonal wind at 60◦ N, from 1 July 2000 through
30 June 2001 at 3 different pressure levels in the stratosphere: 50,
30 and 10 hPa, derived from NCEP data. The vertical dotted lines
indicate the day of the lidar sounding.
period extending from 1 July 2000 to 30 June 2001. Exam-
ination of Fig. 3a indicates that a minor stratospheric warm-
ing occurred during the second half of January 2001 over the
polar region, turning into a major warming in mid-February
with the reversal of the zonal wind (Fig. 3b). The strato-
sphere then returned slowly to winter conditions although the
circulation remained disturbed up to the beginning of March,
so that the time interval for the event was approximately 45
days. It can be seen on Fig. 3, that the warming event ob-
served in the lidar sounding over Gadanki (vertical dotted
lines) appears to occur shortly after the peak of temperature
and circulation anomalies over the polar region.
Planetary waves (PW) are known to be responsible for
bringing about the large mean-flow changes observed during
sudden warmings. To gain deeper insights into the dynami-
cal processes occurring during the warming event of Febru-
ary 2001, we use isentropic maps of Ertel’s potential vortic-
ity (PV). This approach has been used elsewhere (e.g. McIn-
tyre and Palmer, 1983; Dunkerton and Delisi, 1986) to dis-
cuss the dynamics of sudden warming events in connection
with breaking planetary waves (PW). In fact, using Nimbus-7
Limb Infrared Monitor of the Stratosphere (LIMS), Dunker-
ton and Delisi (1986) have studied the time evolution of PV
in the winter stratosphere of January–February 1979, and
suggested that the temporal evolution of the size, shape and
orientation of the main circumpolar vortex would be revealed
very clearly by the potential vorticity field. The size of the
vortex determines the range of latitudes over which planetary
and Rossby waves are able to propagate.
Figures 4a and b show PV maps for the 1900-K isentropic
surface representing the stratopause region, calculated from
the ECMWF reanalysis. The PV map obtained on 15 Febru-
ary, i.e. a week before the stratopause warming over Gadanki,
is principally characterized by a tropical air mass (low PV)
excursion northward toward the polar region, and with a lon-
gitudinal extension from 0◦ to 100◦ E (see Fig. 4a). The lidar
site, indicated on the PV maps by the symbol “Ga”, appears
on Fig. 4a nearly under the zero-PV zone. From examina-
tion of the PV map obtained on 22 February, one can notice
a “tongue” of high-PV emanating from polar latitudes and
extending westward and equatorward (see Fig. 4b). Mean-
while, it is also evident from the PV-field that the air-mass
“intrusion” originates from the southern tropical zone (low
and negative PV) and has moved northward and eastward,
with an extension up to 30◦ N and from ≈20◦ W to ≈70◦ E.
Those PV maps thus give evidence of some horizontal ex-
change between the tropics and high-latitudes that has led to
the formation on the 1900-K level of a large surf zone cov-
ering the lidar site, in which PV contours seem irreversibly
twisted (see Fig. 4b), suggesting a process of PW drive and
its breaking. Further diagnostics of the planetary-wave activ-
ity and possible breaking-wave regimes are provided by the
Eliassen-Palm (EP) flux F and the divergence of the EP flux
∇.F , which are expressed in spherical geometry as:
F = {f(φ), F(z)} = {−ρ0a cosφ (v′u′) , fρ0a cosφ (v′θ ′
θz
)}
∇.F = 1
a cosφ
(
F(φ) cosφ
)
φ
+ (F(z))z . (1)
Where, the overbars and primes denote zonal means and
deviations there from, with all other symbols being as in An-
drews et al. (1987).
The orientation of the EP flux vector indicates the direc-
tion of PW propagation (Kanzawa, 1984; Dunkerton and
Delisi, 1986; Delisi and Dunkerton, 1988). Planetary wave
activity in the mid-latitudes generally propagates from the
winter troposphere up into the stratosphere and toward the
equator. PW breaking can be recognized by the convergence
of the EP vectors (∇.F<0). Figures 5a, b and c are dis-
played latitude-altitude cross-sections of the EP flux (arrows)
for several days nearby the lidar sounding. Wave fluxes in
the vector’s formulation are computed using ECMWF data.
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Figure (4): Evolution of Ertel’s Potential Vorticity on the 1900-K isentropic surface for 
(a) Feb.15, and (b) Feb.22, 2001. The contour interval is 1x10-3 K.kg-1.m².s-1 for 
PV<10x10-3 K.kg-1.m².s-1 (solid lines); it is 5x10-3K.kg-1.m².s-1 for PV ≥ 10x10-3K.kg-
1.m².s-1 (thick solid lines). “Ga” indicates the location of the lidar station. 
 
Fig. 4. Evolution of Ertel’s Potential Vorticity on the 1900-K isentropic surface for (a) 15 Feb., and (b) 22 Feb. 2001. The contour interval
is 1×10−3 K kg−1 m2 s−1 for PV<10×10−3K kg−1 m2 s−1 (solid lines); it is 5×10−3 K kg−1 m2 s−1 for PV≥10×10−3K kg−1 m2 s−1
(thick solid lines). “Ga” indicates the location of the lidar station.
To allow the EP vectors to be seen clearly throughout the
stratosphere, the vectors are multiplied by ez/H (Mechoso et
al., 1985). In addition, F(z) is magnified by a factor 150 with
respect to F(φ) (Randel et al., 1987). Superimposed on these
figures is the wave driving (shaded and contours) which is
proportional to the EP flux divergence: D = 1
ρ0a cosφ
∇.F .
As it can be seen from Fig. 6a, on 15 February, a week be-
fore the stratopause warming over Gadanki, strong EP flux
throughout the middle atmosphere is evident over the high-
and mid-latitude regions. F arrows indicate a vertical prop-
agation out of the troposphere into the lower stratosphere,
turning then into an equatorward propagation in the upper
stratosphere and lower mesosphere region. Here the “fo-
cusing” of the waves is accompanied by large negative val-
ues of the wave driving D, on the order of several tens of
meters per second per day and towards poleward of 30circ
latitude (dashed contours). On 23 February, the day of the
stratopause warming (see Fig. 5b), the propagation is get-
ting further equatorward into the tropical region, where the
stronger wave activity and convergence of EP flux are likely
to produce a rapid deceleration of the zonal-mean zonal wind
(leading to the poleward migration of low-latitude easterlies
– figure not shown) and the associated temperature rise. One
week later (Fig. 5c), the middle atmosphere returns to nor-
mal, with planetary-wave activity remarkably weaker and
confined to the high-latitude region.
www.atmos-chem-phys.org/acp/4/1989/ Atmos. Chem. Phys., 4, 1989–1996, 2004
1994 V. Sivakumar et al.: Rayleigh lidar observation of a warm stratopause
 19
 
Figure (5): E-P flux cross-sections in the meridian plane for several days nearby the 
lidar sounding. Contours represent values of the wave driving term D (see text for 
definition), in m/s/day; negative wave driving is shaded. The solid and labeled 
contours stand for the values between –10 and 10 m/s/day with an interval of            
2 m/s/day. The dashed and non-labeled contours stand for the values ≥12 and ≤ -12 
m/s/day with an interval of 2 m/s/day for the heights above 15 km and 10 m/s/day for 
the heights below 15 km. 
Fig. 5. E-P flux cross-sections in the meridian plane for several days nearby the lidar sounding. Contours represent values of the wave driving
term D (see text fo definition), in m/s/day; negative wave driving is shaded. The solid and labeled contours stand for the values between
−10 and 10 m/s/day with an interval of 2 m/s/day. The dashed and non-labeled contours stand for the values ≥12 and ≤−12 m/s/day with an
interval of 2 m/s/day for the heights above 15 km and 10 m/s/day for the heights below 15 km.
5 Conclusion and Additional Remarks
This paper reports on the first warming event observed by li-
dar in the stratopause region over a tropical site (Gadanki,
India). The accuracy of the event was confirmed using
co-located and quasi-simultaneous temperature data from
HALOE on board the UARS satellite. The magnitude of the
warming observed by lidar was found to be ∼18 K with re-
spect to the winter monthly-mean temperature profiles de-
rived from the lidar/HALOE data collected over March 1998
to July 2001. This is less than what is usually reported over
mid- and high-latitude regions in the northern hemisphere
Atmos. Chem. Phys., 4, 1989–1996, 2004 www.atmos-chem-phys.org/acp/4/1989/
V. Sivakumar et al.: Rayleigh lidar observation of a warm stratopause 1995
(about 30 K) (Hauchecorne and Chanin, 1983; Whiteway and
Carswell, 1994; Whiteway et al., 1997; Duck et al., 1998).
The warming event over Gadanki appeared to occur about a
week after a major stratospheric warming event over the po-
lar region. Using EP flux calculations from ECMWF analy-
ses, we found that the event was mainly driven by PW propa-
gating from high and mid- to low latitudes consecutive to the
major warming episode over the pole. Though the temper-
ature perturbation during the event was too large to be due
only to GW, it is suspected that enhancement in GW activi-
ties through interactions with PW and mean flow may have
large impacts on the temperature profile. Since the objec-
tive of the paper was to report on the observed event, the
expectation of a quadrupole moment between the poles and
the tropics (Delisi and Dunkerton, 1988) has not been ex-
plored here. In future, the above issues will be addressed
through coupling experimental data with model simulations
and quantification tools.
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